In Brief
Cumnock et al. find that mice suffering from malaria face metabolic challenges created by their symptoms. The mice become anorexic and try to burn fat, requiring oxygen. The mice also become anemic, limiting oxygen transport. This suggests that glycolysis is a critical energy pathway. Manipulation of glycolysis modulates survival of the infected mice.
SUMMARY
Pathologic infections are accompanied by a collection of short-term behavioral perturbations collectively termed sickness behaviors [1, 2] . These include changes in body temperature, reduced eating and drinking, and lethargy and mimic behaviors of animals in torpor and hibernation [1, [3] [4] [5] [6] . Sickness behaviors are important, pathogen-specific components of the host response to infection [1, 3, [7] [8] [9] . In particular, host anorexia has been shown to be beneficial or detrimental depending on the infection [7, 8] . While these studies have illuminated the effects of anorexia on infection, they consider this behavior in isolation from other behaviors and from its effects on host metabolism and energy. Here, we explored the temporal dynamics of multiple sickness behaviors and their effect on host energy and metabolism throughout infection. We used the Plasmodium chabaudi AJ murine model of malaria as it causes severe pathology from which most animals recover. We found that infected animals did become anorexic, skewing their metabolism toward fatty acid oxidation and ketosis. Metabolism of fats requires oxygen for the production of ATP. In this model, animals also suffer severe anemia, limiting their ability to carry oxygen concurrent with their switch toward fatty acid metabolism. We reasoned that the combination of anorexia and anemia would increase pressure on glycolysis as a critical energy pathway because it does not require oxygen. Treating infected mice when anorexic with the glycolytic inhibitor 2-deoxyglucose (2DG) reduced survival; treating animals with glucose improved survival. Peak parasite loads were unchanged, demonstrating changes in disease tolerance. Parasite clearance was reduced with 2DG treatment, suggesting altered resistance.
RESULTS AND DISCUSSION

Alterations in Host Response during Infection Change Metabolism
Previous work examining host energy and infection often relied on antigenic stimulation instead of infection and measured specific and limited time points post-stimulation to demonstrate changes in overall energy expenditure [9] [10] [11] [12] [13] [14] . Here, we used a combination of behavioral and respirometric measurements to observe a complete infection cycle at high temporal resolution. By tracking a complete infection instead of single or limited time points, we captured the dynamic nature of the hostpathogen system as it deviated from health and then returned to steady state. We hypothesized that by collecting a more holistic dataset, we would identify significant correlations between behaviors and host physiology, highlighting opportunities for therapeutic intervention.
We infected six mice with P. chabaudi chabaudi AJ and mock infected two control animals. We subsequently measured animal behavior (eating, drinking, walking, and wheel running), physiology (body temperature, weight, and red blood cell counts [RBCs]), and metabolism (via indirect measures including respiratory quotient and energy expenditure) using respirometry cages. Behavioral data were collated into 5-min intervals throughout infection. Within each 5-min bin, animals often performed more than one behavior. Subsequent averaging across these bins, therefore, resulted in percentages of time spent doing activities per day that summed to greater than 100%. Below, we break the infection into three stages: health (days 0-5), sickness (days 6-10), and recovery (days [11] [12] [13] [14] [15] [15] . Health For the first 5 days post-infection, infected animals looked similar to uninfected, healthy animals ( Figures 1, 2 , S1, and S2; Table S1 , day 3). Healthy animals exhibited regular 24-hr circadian cycles with respect to behavioral and metabolic measures and maintained high RBCs (Figures 1 and S1 ). As expected for nocturnal animals, healthy mice were generally more active during the dark cycle ( Figures 1B, 1D-1I , 2A-2D, and S1; Table S1 ). In conjunction with this increased activity, healthy animals had higher body temperatures during the dark cycle, averaging 38 C versus an average of 35.5 C during the light cycle ( Figures  1B and S1 ).
We observed circadian cycling with respect to respirometric measures including respiratory quotient (RQ) and total energy expenditure. RQ reports the stoichiometric ratio of carbon dioxide produced by the body to the oxygen consumed and provides an estimate of the type of energy sources utilized during metabolism; burning carbohydrates result in RQ values around 1, fats around 0.7, and ketones with RQ values below those of fat [16] . Energy expenditure is calculated as a function of RQ [17] .
Healthy animals had circadian RQ values between 0.7 and 1.0 ( Figures 1H and S1 ). These RQ values neared 1.0 during the dark cycle when the animals were eating, suggesting that they were burning carbohydrates from their food. During the light cycle, when eating was infrequent, RQ values dipped to around 0.7, suggesting that the animals were burning fat. We also calculated their energy expenditure: healthy animals oscillated between 0.2 kcal/hr during the light cycle and 0.6 kcal/hr during the dark cycle ( Figures 1I and S1 ). Sickness Parasites were reliably quantifiable by eye on day 5 and reached a maximum density in the blood on days 6 or 7 ( Figures 1A  and S1 ). P. chabaudi parasites infect and lyse RBCs. As a result, we observed drops in RBCs beginning on day 6, reaching their minimum (about 10%-15% of initial numbers) on day 10 ( Figures  1J and S1 ). RBC loss during infection is exacerbated by immune clearance of uninfected cells, which explains the continued loss of RBCs after parasite load has been controlled [18] . As with RBCs, infected animals began showing clinical symptoms of disease including hypothermia, anorexia, weight loss, adipsia (reduced water intake), and inactivity in the dark cycle on day 6. These symptoms reached their maximum severity between days 8 and 10.
Unlike humans, infected mice become hypothermic [19] . Drops in body temperature in infected animals were first observed during a dark cycle within a day of peak parasite load, dropping on average 10 C from peak circadian body temperature ( Figures 1B and S1 ). The drop in temperature 24 hr later resulted in the lowest daily minimum body temperature recorded ( Figures 1B and S1 ). P. chabaudi infections are synchronous, with merozoites bursting from RBCs around midnight [20] . The initial drops in body temperature could have been in response to the midnight burst of parasites. After these two major hypothermic events, body temperatures continued oscillating around 30 C through day 10 or 11 ( Figures 1B and S1 ). By this time, circulating parasites had largely been cleared; by day 11, parasite densities were an average of 18-fold reduced from peak parasite load ( Figures 1A and S1 ).
We observed changes in the timing, duration, and intensity of animal activity during infection. The percentage of time intervals animals spent eating, drinking, and walking significantly decreased starting at days 5 and 6 (Figures 2A-2C ; Table S1 ). Meal and drink size were also significantly reduced during sickness, and thus, total meal and drink consumption during the dark cycle significantly decreased to nearly 0 g on day 8 ( Figure S2 ). This anorexia and adipsia manifested as a 20% loss in weight around day 10 ( Figures 1C and S1 ). Infected animals on average ceased running entirely on days 7-10 ( Figure 2D ). The activity profile for wheel running showed that healthy animals got on the wheel once the lights went off and ran consistently throughout the dark cycle ( Figure 2E ). Infected animals, by contrast, got on the wheel each day when the lights went off but got off the wheel significantly earlier starting on day 5 until they stopped running entirely ( Figures 2F and 2G ).
These behavioral changes impacted host metabolism and energy expenditure in sick animals. We observed drops in RQ values between days 7 and 9 to values around or below 0.7, suggesting that after burning through glycogen reserves, hosts were relying upon stored energy sources. The lowest RQ values, around 0.5, suggested that most of the infected animals had entered ketosis ( Figures 1H and S1 ). To confirm this hypothesis using biochemical data, we measured systemic blood plasma levels of the ketone body 3-hydroxybutyrate throughout infection, finding that it was significantly elevated, with a peak on day 9 ( Figure 2H ). Energy expenditure also dropped during the sick phase of infection ( Figures 1I  and S1 ). The lowest energy-expenditure values hovered around 0.1 kcal/hr, a 2-fold decrease from the lowest energy expenditure we recorded for healthy animals. During P. chabaudi infection, maximum sickness behaviors and minimum energy measurements occurred after the host had begun controlling parasite load. Table S1 and Figure S2 .
Recovery
During the recovery phase of infection (days 11-15), we observed perturbed activities and physiologies return to baseline. Parasite load remained low during this time, with some animals experiencing a recrudescence around day 13 ( Figures 1A  and S1 ). Reduced parasite load and enhanced erythropoiesis resulted in RBC recovery ( Figure 1J and S1). Between days 11 and 14, we observed a monotonic rise in body temperature up to the dark cycle set point. Upon reaching this, body temperatures began oscillating again in a circadian rhythm ( Figures  1B and S1 ).
The amount of time spent eating, drinking, and walking returned to control levels by the end of the experiment (Figures  2A-2D ). Whereas the percent time spent eating in the dark cycle bounced back to healthy levels by day 11, the total food consumed returned to baseline on day 12 as meal sizes returned to normal (Figures 2A, S2A , and S2C). During the recovery period, infected animals became somewhat diurnal, significantly increasing their eating and drinking levels during the light cycle (Figures 2A-2B ; Table S2 ). Increasing diurnal activity has been reported previously in laboratory mice under conditions of artificial food shortage [21] . This spike in light-cycle activity returned to baseline by the end of the experiment, when circadian cycling was reestablished ( Figures  2A-2C) .
As the animals began eating again, RQ values increased and began oscillating with circadian rhythm (Figures 1H and S1 ). Recovery of energy expenditure lagged behind other metrics. We observed that energy expenditure increased starting on day 10 or 11 and returned to a mean baseline level of 0.4 kcal/hr by day 15. Because this recovery was delayed, we did not observe a clear return to circadian cycling for most animals within the duration of the experiment.
Relationships between Energy Expenditure, Body Temperature, and Anemia Suggest Infection-Induced Torpor Because previous work evaluating anorexia and infection largely ignored the effects of this behavior on host energy, we wanted to more closely analyze our energy-expenditure data and compare it with other behavioral and physiological changes that occurred during infection. We first plotted histograms using all of our energy-expenditure data, finding that healthy animals had two energy states: a higher, active metabolic rate (AMR) at 0.61 kcal/hr on average and a lower, resting metabolic rate (RMR) at 0.23 kcal/hr on average ( Figure 3A ). Infected animals also had AMR and RMR peaks at the same metabolic rates; however, they also had a third peak at a lower average energy expenditure of 0.09 kcal/hr ( Figure 3A) .
We discovered that the infection conditions related to this observed lowest energy-expenditure peak: limited food intake, altered metabolism, and reduced body temperature copied conditions associated with torpor (termed hibernation during longer periods of inactivity) [4] . Entry into and exit from torpor have been studied by physiologists but not in the context of infection. Given the similarity between the conditions that induce and define torpor and those observed during infection, we wondered whether we were observing an infection-induced torpor. To evaluate this, we looked at the relationship between body temperature and energy expenditure, which in torpid animals are related by an exponential model [4, 5] .
We first fit an exponential model to all the data ( Figure S3A , red line r 2 = 0.79, root-mean-square error [RMSE] = 0.07); however, we found that residuals at lower body temperatures were not evenly distributed around the model ( Figure S3B ). Instead, we found that we could better capture these points by first breaking the data into healthy and sick regimes ( Figure 3B , dashed line r 2 = 0.70, RMSE = 0.08 and solid line r 2 = 0.61, RMSE = 0.04; Figure S3C ). That two models best explained the body temperature by energy-expenditure data suggested that health and sickness were two distinct states. In thinking about infection with P. chabaudi specifically, one major physiological difference between infected and uninfected animals is infection-associated anemia. Severe anemia reduces the host's ability to carry oxygen, which is essential for the efficient conversion of carbon sources into ATP via mitochondrial oxidative phosphorylation. Thus, oxygen levels are directly related to energy expenditure. We wondered if infection-associated anemia could explain the kink in our body temperature by energy expenditure results. We found that energy expenditure tracked linearly with RBC levels, suggesting that energy use was directly linked to the oxygen carrying capacity of the blood (r 2 = 0.69 RMSE = 0.05, Figure 3C ). The loss of RBCs in infected animals altered the relationship between host body temperature and energy expenditure, leading to a torpor-like sick state.
Modulating Glycolysis Alters Host Disease Tolerance
The connection between energy expenditure and RBCs not only explained the kink in our body temperature by energy expenditure data, but also suggested a metabolic mechanism impacting infection. From our behavioral and respirometric dataset, we reasoned that glycolysis would be a critical pathway for ATP production in infected animals. We observed that infection caused mice to switch toward fatty acid oxidation and ketosis (Figure 2H) , energetic pathways that require oxygen to produce ATP. This anorexia was concurrent with infection-associated anemia, which reduced oxygen availability by 90% ( Figure 1J) . Glycolysis, however, can generate ATP in the absence of oxygen. Furthermore, others have shown in mice and humans that glycolytic pathway components are important regulators of RBC health and erythropoiesis, with RBCs being key determinants of both infection with and recovery from P. chabaudi malaria [22] [23] [24] [25] [26] . We therefore targeted the glycolytic pathway, treating infected animals with either the glycolytic substrate glucose or inhibitor 2-deoxyglucose (2DG) [27] .
Animals treated with 2DG during infection succumbed in significantly higher numbers compared to PBS controls. In contrast, animals treated with glucose showed significantly improved survival ( Figure 4A ). Parasitemia and peak parasite densities on day 7 were statistically similar between each treatment group and PBS controls ( Figures 4B and 4D ). Parasite density was slower to decrease in 2DG-treated animals on day 8, resulting in a significant difference with respect to PBS-treated animals, but was statistically similar to untreated animals at all other time points ( Figure 4D ). In examining the recovery portion of infection, we found that animals treated with 2DG had significantly suppressed RBCs, body temperature, and weight between days 11 and 14 ( Figures 4C,  4E , and 4F).
Hosts employ two strategies to survive infections: (1) resistance, which focuses on the elimination of the pathogen, and (2) disease tolerance, which encompasses mechanisms that lessen the negative impact of infection [28, 29] . Because we saw no change in parasite loads between animals treated with glucose and PBS controls, our results demonstrate a change in host disease tolerance ( Figure 4D ). Treatment with glucose improved disease tolerance by lessening disease severity, as demonstrated by higher body temperatures during infection, and improved survival (Figures 4A and 4E) . Because we saw differences in parasite density (albeit only on day 8), treatment with 2DG reduced both host resistance to and tolerance of malaria ( Figures 4A and 4C-4F ).
Conclusion
Here, we used whole organism, temporal measurements to better understand infection dynamics. Our dataset revealed changes in relationships between important host physiologies driven by host anemia, and this in turn led us to generate a mechanistic hypothesis supported by our organismal dataset. Specifically, we proposed that the combination of infection-induced anorexia and reduced oxygen availability due to severe anemia would leave the host reliant upon glycolysis. By supplementing the animals with glucose, we demonstrated improvements in host tolerance, and by blocking glycolysis, we reduced resistance and tolerance to malaria infection.
There is evidence to suggest that glycolysis may also be important during human malarial infections. Metabolic analysis of malaria-infected patients showed increases in free fatty acids, ketone bodies, and components of the glycolytic pathway during infection, suggesting patient anorexia and substantial metabolic remodeling similar to our mice [30] . Furthermore, hypoglycemia is also clinically associated with worse outcomes and has been correlated specifically with cases of severe malarial anemia [31] [32] [33] [34] [35] [36] .
Targeting diet and nutrition to combat infection is an exciting area of research; however, our work here and that of others highlight that these interventions are complex and pathogen specific [7] [8] [9] [37] [38] [39] . For example, even using glucose treatments as done here has been shown to improve host tolerance of influenza infection and also to reduce tolerance of Listeria infection [8] .
Although the mechanisms undergirding these responses are likely disease specific, from this work it is tempting to think that glucose treatment could lessen the severity of disease in malaria-infected patients.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: into a cohort of randomly selected animals [40] . Uninfected control animals were injected with the vehicle alone on the day of infection. Infected and uninfected animals were cohoused to control for cage effects where possible. Parasitemia was monitored by preparing thin blood smears from tail blood, fixing them in methanol, staining them in KaryoMAX Giemsa (GIBCO), and quantifying the frequency of parasitized erythrocytes at 100x magnification. Slides across animals within each experiment were mixed and counted in a blinded fashion.
Longitudinal infection monitoring
Longitudinal monitoring was performed as described previously [15] . All monitoring was performed between 9 AM and 12 PM to limit the effects of circadian fluctuation. Weight and temperature were recorded daily during the experiment. To record temperature, most mice were implanted with subcutaneous electronic temperature and ID transponders (IPTT-300 transponders, Bio Medic Data System, Inc) one week prior to infection. Mice were locally anesthetized using a 2% lidocaine solution (100 ug delivered per dose) prior to implantation. Temperature data was recorded using a DAS-7006/7 s reader (Bio Medic Data System, Inc). In situations where mice were not implanted with temperature probes, temperature was determined using a rectal thermometer (BAT-12, Physitemp Instruments Inc.). Blood was collected via tail nicking of restrained mice using sterilized surgical scissors. Sodium acetate warmers were used on occasion to increase tail blood flow. Approximately 4 uL of blood were collected daily for the duration of the experiment. Beginning on day five, roughly 2 uL of blood per animals was used to generate thin bloods smears, which were subsequently prepared and counted as detailed above. Each day, an additional 2 uL of blood was diluted in one mL of Hanks' Balanced Salt Solution (HBSS) to count the number of red blood cells (RBCs). Absolute counts were obtained on an Accuri C6 flow cytometer using forward and side scatter. Parasite density was calculated by multiplying the percent parasitemia from the blood smears by the daily RBC count. Blood was collected into EDTA-coated 50 uL capillary tubes to inhibit clotting. All statistics from the measured data were calculated using GraphPad Prism 7.0c.
Treatments
For 2-deoxyglucose (2DG, n = 19), glucose (n = 23), and PBS (n = 20) treatment experiments, animals were injected i.p. every twelve hours or until they surpassed our euthanasia criteria per our APLAC protocol [8] . They were treated starting on day four at 9 AM through day 11 at 9 PM. Each 50 uL dose contained either 5 mg 2DG or 20 mg glucose in PBS (Sigma). Two replicates of the experiment were completed. No power calculations were done prior to experimentation. Data from all animals was included. Infected and uninfected animals were cohoused to control for cage effects where possible.
Respirometry cages
Mice were first implanted with intraperitoneal electronic telemetry probes; they were anesthetized using an i.p. injection of ketamine (115 mg/kg, Vedco) and xylazine (10.5 mg/kg, Akorn) and the probes were inserted via a small incision in the peritoneum. Buprenorphine was administered every 12 hours for the first several days post-surgery as needed. Animals were housed individually to heal for one week. Animals were then cohoused in Promethion behavioral phenotyping and respirometry cages (Sable Systems) with ad libitum access to food, water and an exercise wheel for three days to one week. Mice were then transferred into clean Promethion cages with ad libitum access to food, water and an exercise wheel, where they were given three days to one week to adjust to being individually housed. From the time of surgery onward animals were housed in cages inside an incubator kept at 25.5 C. Infections were performed as described. In the respirometry experiment, six animals were infected and two were mock infected with KSG. Because we were collecting observational data, this experiment was completed only once with uninfected days serving as internal controls for each animal and no power calculations were done to determine the number of animals required. Once infected, animals were measured longitudinally as described above. Data on food and water consumption, distance traveled on the cage floor, distance traveled on the wheel, VO 2 , VCO 2 , WVP, body temperature, and environmental incubator conditions were captured and stored using the MetaScreen software (Sable Systems).
All behavioral and respirometry data (excluding body temperature) were aggregated into 5-minute intervals across the duration of the infection using ExpeData software (Sable Systems). This software was also used to calculate RQ and energy expenditure for each 5-minute interval. RQ is calculated based on the conversion of oxygen to CO 2 . For example, a single molecule of glucose uses six molecules of oxygen to generate six molecules of carbon dioxide, resulting in an RQ value of 1.0; thus, carbohydrates have RQ values around 1.0. Fats produce fewer molecules of carbon dioxide per molecule of oxygen and have RQ values around 0.7. Ketone bodies, byproducts of fatty acid oxidation, can be excreted via the urine or, in the case of acetone, are exhaled. This excretion lowers RQ values for ketone bodies below that of fats [16] .
Behavioral phenotyping and respirometric analyses and graphs were generated using MATLAB 2017a or GraphPad Prism 7.0c. GraphPad Prism 7.0c was used for statistical analyses. Raw body temperature data (collected every second) was filtered to remove zeros and then averaged across 5-minute intervals to match the other data collated from ExpeData. To determine the amount of time animals spent doing particular activities, as well as meal size and total food consumed, relevant data was averaged over the 12 hour e2 Current Biology 28, 1635-1642.e1-e3, May 21, 2018 light and dark cycles, respectively. To break infected datasets between healthy and sick, we found the minimum body temperature for each animal during the first four days of infection. We subsequently used this minimum healthy temperature as a threshold, classifying any time points where temperature fell below this threshold as sick and any above it as healthy. In looking at RBCs by energy expenditure, we averaged energy expenditures between the hours of 9AM and 1PM each day to match the sampling window in which the RBC data was collected.
Cross-sectional metabolomics Every day for 25 days, five infected and two uninfected animals were euthanized by CO 2 inhalation per Stanford University guidelines. Blood was then collected via cardiac puncture into 100 uL of 0.5 M EDTA, pH 8.0 and was spun for 5 minutes at 1000 x g to collect plasma for metabolomics analysis. Plasma from all five infected animals from every day post-infection as well as five animals on day zero and two uninfected controls on days 5, 8, 10, 12, 15, 19 , and 25 (a total of 19 uninfected samples across infection) were sent for metabolomics analysis. Because of the large number of animals used, this experiment was only performed once. Infected and uninfected animals were cohoused, and infected and uninfected animals were selected across cages for each time point to control for cage effects.
100 uL of plasma were sent to Metabolon (http://www.metabolon.com), which performed a combination of gas and liquid chromatography techniques combined with mass spectrometry (GC/LC-MS). A table of metabolites that changed in our samples was returned with the raw normalized area. To determine which metabolites were significantly altered, we calculated the sum of the negative log likelihoods for each variable across infection as compared to the uninfected distribution for that variable. We used the median value for each variable on each day to reduce the effect of outliers. Using a Bonferroni correction, with an a of 0.05, we found a set of variables that was significantly changed compared to uninfected animals. 3-hydroxybutyrate was one of these metabolites. The statistical analyses were performed using Python 3.4 and the 3-hydroxybutyrate data was plotted using MATLAB 2017a.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data are shown as mean ± standard error of mean (SEM). Statistical analysis was done with Prism 7.0c (GraphPad Software, Inc.). Statistical significance was generally determined using 2-way ANOVAs. Details for each analysis are in the figure legends. Statistical significance is indicated as follows: not significant, NS > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Sample sizes (n) for all shown data can be found in the figure legends. Data filtering on the raw behavioral data was performed as stated above. The filtered data (and any data collected after the death of an animal) was removed from the dataset prior to subsequent analysis. Otherwise, no data was excluded from analysis and no methods were employed to determine whether the data met assumptions of a particular statistical approach.
DATA AND SOFTWARE AVAILABILITY
Binned respirometry and behavioral datasets are available at https://github.com/kcumnock/MalariaBehavior.
